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Abstract
Previousfindings have shown that additional haptic displays can support the driver in critical situations. But yet it is not 
sufficiently clear, how much information can be transmittedreliably by tactile stimuli respectively which kind of patterns can be 
perceived properly. Furthermore, it has to be investigated, which patterns are suitable for initiating take-over requests to 
intuitively meet the driver’s evolutionary developed experience and expectations. The present work is meant to show first results 
regarding recognition, adequacy and workload of tactile patterns presented by a vibrotactile seat matrix including 47 vibrators in 
the driver’s seat. Different patterns as well as different forms of information encoding (simultaneous, sequential, cumulative and 
wavelike) were presented to the subjects. Within a simulated driving scenario of several take-over requests also the workload of 
these situations including the vibrotactile display was enquired by NASA-TLX and an additional questionnaire. The findings 
reveal which of the used basic patterns and forms of encoding are best recognizable and suitable forpresenting the specific 
information of a take-over request. Furthermore, it can be said, that workload stayed on a comfortable level although even more 
take-over procedures per time were conducted than are estimated to occur in reality.
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1. Objective
Automated driving is more current than ever and pushed forward by many vehicle manufacturers and suppliers. 
Besides several legal issues which have to be discussed and solved before introducing automated driving to the 
mass, it is absolutely crucial to take care of ergonomics, comfort and safety issues of automated driving situations 
which are going to occur in the coming years. Therefore new forms of displays are necessary to handle the 
increasing number of functions and possible driver tasks in the cockpit. The driver’s situation awareness has to be 
intact at any time, especially when he or she is focusing attention on another task like reading or working with a 
notebook during highly automated driving mode. If there are sudden take-over requests, e. g. end of automated 
driving zone, additional tactile displays have significant advantages over pure visual or visual-auditory displays in 
terms of reaction times and reduced error rates.
But still it has not been sufficiently investigated, which kinds of tactile patterns can be properly perceived and 
recognized by the driver in critical situations. Also, it is not clear yet, which patterns are intuitively suitable for 
displaying the function of a take-over request from car to driver and vice versa. Finally the driver’s workload has to 
be evaluated to estimate the comfort and acceptance level of tactile support during automated driving in general. 
Starting from this a vibrotactile seat matrix with 47 actuators in back and side rest as well as seating surface was
developed and integrated into a driving simulator. By means of this experimental setup the present work is meant to 
reveal recognition, adequacy and workload of different tactile patterns in automated driving scenarios leading to 
recommendations of specific patterns representing the functions of control transfers in both directions.
2. Significance
In the first place highly automated driving is meant to relieve the driver and increase traffic safety.According to a 
broad mobility study conducted by Continental in 2013 the majority of drivers still prefer to drive manually by 
themselves. But especially in stressful or annoying situations like traffic jams, many drivers would like to spend 
their time for more productive tasks than observing the traffic. Mostly stated alternative tasks were reading and 
surfing the internet. To improve general traffic safety the driver-vehicle communication needs to be intuitive, clear 
and robust to external disturbances in all stages of automation. Technology and legal issues are still far away from a 
public traffic situation of completely autonomous driving vehicles. Thus, in the upcoming years especially scenarios 
of transferring control between driver and vehicle are going to be crucial and have to be designed safe and 
comfortable.It has already been proved that the use of tactile displays in the car can lead to enormous advantages. 
But still there is a lack of information about the driver’s physiological, perceptual and cognitive capabilities 
regarding vibrotactile patterns displayed with respective actuators in the seat. Besides many studies which are 
focusing on navigation issues, it has to be investigated how reliable different tactile patterns can be recognized and 
distinguished within a short period of time during automated driving situations.
3. Tactile displays in the car cockpit
Loomis & Lederman [1] define the following forms of tactile information presentation:
x Static display (presents the pattern in a fixed location throughout the total stimulus exposure),
x Scan display (involves steady movement of the pattern from right to left across the display/skin),
x Slit-scan display (pattern is revealed as if scanned by a vertical slit moving from left to right),
x Segment display (presents separate strokes or segments of the pattern in succession),
x Apparent movement display (similar to the segment mode except that only the endpoints of each segment are 
displayed, with or without temporal overlap of the activations of the two endpoints),
x Trace display (points defining each pattern are presented sequentially, as if the pattern were being cursively 
traced).
Tactile displays can be used for various applications. According to Van Erp& Van Veen [2] the four most 
important categories are safety (releasing visual workload, presenting information in a natural and intuitive way), 
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assistance (decreased workload and faster responses), fun (silent and private communication with the machine), and 
efficiency (optimizing fuel consumption) of human-machine interaction. 
Fitch [3] investigated several warning scenarios in a real vehicle using a vibrotactile driver seat with 4 tactors in 
the seating surface and 2 in the back rest. The scenarios included warnings of collision, intersection, lane change, 
lane departure and curve speed. In total seven different haptic alerts were generated (combination of three 
vibrotactile patterns and different locations on the seat). The three basic patterns were pulse (5 x 200 ms, intervals 
50 ms), dash (1 x 1000 ms) and double pulse (200 ms on, 50 ms off, 300 ms on, 200 ms off, 200 ms on, 50 ms off, 
300 ms on, and 50 ms off). Tactor activation time for each pattern was controlled to be 1000 ms.
One-alert, three-alert and seven-alert approaches were compared in terms of response time and accuracy. The 
findings suggest that a tactile collision avoidance system should adopt a three-alert approach because this was the 
most functional design in which drivers remained able to quickly initiate the correct driving maneuver and fully 
comprehend the meaning of all different alerts. Thereby the side of an alert (location left or right) didn’t have an 
influence on the accuracy of the driver’s response. Furthermore,response times were generally shorter at the back 
compared to the seating surface.It is suggested that vibration frequencies between 100 and 290 Hz are used for 
tactile alerts in the seat, while the range between 100 and 140 Hz is most comfortable, respectively not disturbing. In 
addition, not more than three different intensities should be used for communication and sequential activation of 
tactors generally reduces mental workload [3].
Chang et al. [4] conducted investigations with a driver seat featuring 6 vibrotactile motors in the seating surface, 
4 in the back rest and 2 in the side rests. The four driving commands “go straight”, “turn left”, “turn right” and 
“warning speed limit” were presented and compared in different modalities. Response times were shorter for 
multimodal display (haptic + auditory) than for single haptic or auditory presentation, while pure haptic presentation 
was still quicker than pure auditory presentation.Best results occurred when all three modalities (haptic, auditory 
and visual) were combined. Additionally, it is suggested that seating surface and back rest are used separately for 
transmitting different information. Thereby the back rest is particularly suited for presenting warnings [4].
In the field of navigation displays Van Erp& Van Veen [2] tactilely transmitted navigation commands with 
distance information by means of a vibrotactile matrix in the seat. Thereby 8 vibrators were mounted in two straight 
lines in the seating surface (4 for each thigh, in a straight line from rear to front) with a center-to-center distance of 
4 cm. The motors presented a constant 250 Hz vibration. When heading the next waypoint vibration intensity was 
increased and intervals between the pulses were reduced (first 264, then 212, 160, 108, 52, 40, 32, and 20 ms). The 
results of this study show superiority of the tactile navigation display over a compared pure visual display in this set-
up: faster reaction, lower mental effort and lower workload. These are indicators that using the tactile modality in 
automobiles can improve quality and safety of the man-machine interaction [2].
Rosengren & Wannerholm [5] analyzed the usefulness and efficiency of a tactile seating surface with 16 
actuators especially in the context of collision and blind spot warnings. Thereby, the results of the tactile 
presentation were similar to those of a pure visual head-up display. It is reported that the warnings were effective, 
intuitive and showed short response times. The haptic perception channel is recommended to be used for warnings 
and alerts particularly since there is constant contact between driver and seating surface. Vibration frequencies 
between 100 and 183 Hz were tested, with best results occurring at a frequency of 125 Hz. In situations of driver 
distraction higher frequencies are suggested. Generally 70% of the subjects preferred short pulses. 
Furthermore,advantages could be detected for symmetric arrangements of actuators [5].
4. Methods
The experimental setup was based on an adjustable vehicle ergonomics test bench, including three 60-inch 
monitors, driving simulation software and the implemented vibrotactile seat matrix. The experimental studies were 
based on the high resolution of tactors and a systematic classification and selection of tactile patterns. Thus,
recognition, adequacy and workload of these tactile patterns were investigated in simulated take-over scenarios 
during automated driving. The examinations were conducted with 24 subjects (N = 24 / 10 female, 14 male) between 
22 and 82 years of age (average age 35.6 years, SD = 16.4 years). In terms of body height the range from 5th 
percentile female to 95th percentile male was covered.
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Fig. 1. Vehicle ergonomics test bench and tactile seat matrix layout with implementation.
4.1. Test bench and boundary conditions
The vibrotactile seat matrix was developed as a seat cover, consisting of 47 vibrotactile motors mounted on a 
trimmed piece of foam material protected by a fabric cover. 25 motors were placed in the back rest, 16 motors in the 
seating surface and 3 motors in each of the side rests. The construction features ergonomic fundamentals. It was 
made sure that all the motors had steady contact to the driver independent from gender, torso height or corpulence, 
according to body size tables of standard DIN 33402-2 [6]. Furthermore, the two-point discrimination thresholds for 
the human body were taken into account. Depending on the measuring method specifications vary in literature. 
According to Klinke the static thresholds are 50 to 60 mm on the back and 50 mm on the thigh [7] which are high 
values compared to other references and thus a reliable basis for the layout. Fitch reports that a distance of 40 mm 
can cause confusion because subjects felt the whole seating surface vibrating [3]. This is why the minimum distance 
between the motors was set to 60 mm although the two-point discrimination thresholds can be up to four times 
smaller when the stimuli are presented sequentially [8]. Test bench and seat matrix can be seen in Fig. 1.
Wiring and power supply were placed behind the driver’s seat and the vibrotactile seat matrix as well as the 
driving simulation were operated by a notebook using LabVIEW software. Motors of type PicoVibe 310-113 
(Ø10 mm; 3.4 mm) were used, which can be operated between 0.6 and 3.8 V resulting in a range of frequencies 
between 60 and 240 Hz and amplitudes from 0.1 to 2.3 G (normalized gravitational acceleration). Based on cited 
references and a conducted pre-test the input voltage for the studies was set to 1.6 V leading to 140 Hz vibration 
frequency and 0.8 G amplitude.Side rest vibrators were consciously not involved in these investigations because 
they are supposed to be used for navigational information in further studies. Hence, all patterns were displayed using 
the vibrators in back rest and seating surface.
4.2. Systematic classification and selection of tactile patterns
The selection of basic patterns for the studies is based on a classification of basic gestalt assembly variants 
according to Maier & Schmid [9], which can be seen in Fig. 2. This scheme was initially developed as a tool for 
industrial design engineering but also provides a good systematic approach for the well-founded development and 
selection of tactile patterns to be used for the present studies.
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Fig. 2.Classificationof basic gestalt assembly variants according to Maier & Schmid [9] and selected basic patterns.
Starting from the scheme above the following constraints were made to find appropriate patterns:
x Exclusion of complex assemblies with more than two gestalt elements (based on pre-test),
x Vertical symmetry due to exclusion of navigational information and thus exclusion of orientation variants that
could be associated with direction commands,
x No centered line of actuators because this cannot be applied by the seating surface for anatomic reasons,
x Selected basic pattern 1: Two parallel vertical lines of actuators (representing driving direction and lane),
x Selected basic pattern 2: X-Order (biggest possible distinction to basic pattern 1 under the given constraints, 
representing important information).
For comparability reasons the number of actuators used for both basic patterns was chosen as equal as possible 
(18 actuators for pattern 1 and 17 for pattern 2). Furthermore, the total display duration of each pattern respectively 
form of presentation was set to 2250 ms (including intervals between stimuli).
4.3. Test series 1 – Adequacy of different forms of information encoding
In this test series the adequacy of different forms of information encoding for representing the general function of 
a take-over request while automated driving was examined. Based on the terminology introduced by Loomis & 
Lederman [1] the following five forms of presentation were defined and applied to basic pattern 1:
x Simultaneous (static): Static display of entire pattern (1 x 2250 ms),
x Simultaneous (pulsed): Static display with three pulses (3 x 500 ms, 250 ms for each interval),
x Sequential: Slit-scan (rows one by one, 9 steps with 250 ms each),
x Cumulative: Slit-scan (row by row in addition, 9 steps with 250 ms each),
x Wavelike: Slit-scan (wavelike, always three columns activated at a time, 2250 ms in total).
These forms of encoding were presented pairwise in randomized sequence for all possible constellations and the 
subjects were asked to decide which one they would consider more appropriate for representing the function of a 
comfortable take-over request. The subjects could rate “better”, “equal” or “worse” leading to 2, 1 or 0 points for the 
respective form of presentation. During this test the subjects were performing a simple driving simulationincluding 
activated radio to generate a realistic environment.Results of the pairwise comparison for the five forms of 
presentation are visualized in Fig. 3 showing mean values in percentage of preference with standard deviation. The 
highest possible score for a pattern was 8, if it was preferred in comparison with all other four patterns (4 x 2
points). The percentage of preference describes the mean score of each pattern in relation to the maximum score of 
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8(e. g. 4 points = 50%). Due to large scattering no significant differences could be detected, but trendsbecame
apparent. Particularly pulsed simultaneous, cumulative and wavelike encodingsappear to be slightly preferred.
4.4. Test series 2 – Recognition and discernibility of different patterns
Test series 2 deals with recognition and discernibility of six different patterns respectively directions within a 
simulated situation of automated driving. The patterns are based on the two basic patterns described above and can 
be seen in the middle section of Fig. 4. Patterns 1 to 4 are variations of basic pattern 1 in terms of direction and 
partitioning while patterns 5 and 6 are variations of basic pattern 2, all using vibrators in back rest and seating 
surface. The situation was defined as simulated highly automated driving mode. All six patterns were presented by 
cumulative display (row by row in addition, 9 steps with 250 ms each). Each pattern was presented three times in 
total.Each time the subjects had to mark which of the six tactile patterns they recognized during randomized 
presentation leading to a recognition rate for each pattern. Additionally, the subjects were asked which pattern they
would consider to be rather suitable for a take-over request from vehicle to driver and which pattern they would 
prefer as a feedback for handing over the control to the vehicle.
The results of test series 2 are summarized in Fig. 4, showing the 6 used patterns in the middle. In the top section 
the recognition rate (in percentage) is displayed for different age cohorts (mean values with standard deviation).
Fig. 3.Preference of different forms of vibrotactile stimuli presentation for representing a comfortable take-over request.
Fig. 4.Recognition rate and adequacy of different vibrotactile patterns/directions for control transfers between driver and vehicle.
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It can be seen that pattern 2 could be recognized most reliably, also compared to the opposite direction
(pattern 1). The recognition of patterns 3, 4 and 6 was quite poor. Furthermore, some differences between a younger 
and an older age cohort were revealed with higher recognition rates for the younger subjects, confirming respective 
literature about decreasing sensitivity of haptic perception throughout the lifespan, cf. [10].The lower section of 
Fig. 4 deals with adequacy of the patterns for control transfers between driver and vehicle. For displaying the 
function of handing over the control to the vehicle pattern 1 was preferred by far. For feedback of taking over 
control from the vehicle pattern 1 and pattern 2 were rated best, almost equally.
4.5. Test series 3 – Workload of vibrotactilely supported take-over situations
In test series 3 the workload of vibrotactilely supported take-over situations within a simulated drive was 
investigated. The workload was determined using NASA Task Load Index (NASA-TLX). Additionally, a
questionnaire was generated to enquire the subjects’ perceived comfort and acceptance of this kind of human 
machine interaction and automated driving in general.
During a simulated twenty-minute drive the subjects were asked to head for a defined destination on the virtual 
map. During the drive they had to accomplish four take-over situations (two in each direction), presented only by the 
vibrotactile seat matrix, using neutral basic pattern 1 (as described above) in two different configurations. To display 
a take-over request from vehicle to driver (“end of automated driving zone”) the configuration was set to 4 x 300 ms 
with 200 ms interval(= 2000 ms). The feedback for handing over the control to the vehicle (“automated driving 
mode available”) was set to 2 x 600 ms with 400 ms interval(= 2000 ms). These configurations were defined on the 
basis of a pre-test showing that subjects estimated the information presentation to be more important when pulses 
were shorter (parking assist systems follow the same principle in terms of auditory feedback). The exact points of 
time of all four take-over situations were randomized but required a straight section of the route. Distraction was 
generated through the driving task in manual mode and a secondary task during automated mode, which could be 
reading a magazine or playing a video game on a tablet computer (depending on the subject’s preference).
Because test series 1 and 2 were conducted previously the subjects were already used to the vibrotactile seat 
matrix and driving simulation when performing test series 3. Thus, the familiarization phase for tactile feedback 
(e. g. reportedby Chang et al. [4]) could be minimized in this examination to generate a driving situation with 
implemented automated driving sections as real as possible.
The results of test series 3 are shown by boxplot display in Fig. 5, covering the data of all 24 subjects with mean 
NASA-TLX value of 21.4 (minimum = 5.0, maximum = 52.3).
The plot reveals a workload of about 20% for the subjects when performing the test. This can be seen as a 
reasonable value, compared to other examinations, e. g. NASA-TLX value of 50 for surgeons during open surgery
[11]. It can also be seen that 50% of all values are between 12 and 26. Besides the NASA-TLX value the following 
findings regarding comfort and acceptance were enquired with the additional questionnaire. None of the subjects got 
frightened by the vibrotactile seat matrix or felt disturbed. On the contrary all of the subjects performed the driving 
task without accidents, can imagine the seat matrix in their vehicle (especially for automated driving) and felt 
comfortable during the twenty-minute test. Stated main reasons for this positive feedback were the direct 
information transfer as well as an increased sense of security.
Fig. 5. Boxplot of NASA-TLX Value (N = 24).
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6. Discussion and conclusion
The examinations were based on a vehicle ergonomics test bench including driving simulation software and the 
developed tactile seat matrix. Systematically selectedbasic patterns were implemented and used for the tests. The 
findings can be concluded as follows.Regarding different forms of information encoding it can be said that for 
representing the function of a comfortable take-over request the subjects slightly preferred pulsed simultaneous, 
cumulative and wavelike encodingfor displaying basic pattern 1.Static simultaneous and sequential encodingwere
less popular. Recognition rate was best when presenting the (cumulative) display of basic pattern 1 “moving” from 
seating surface to back rest. But for displaying the function of handing over the control to the vehicle the opposite 
direction was preferred by far.This result supports the preliminary idea that a vibrotactile display in this direction 
symbolizes the transfer of control from driver to vehicle intuitively. For feedback of taking over control from the 
vehicle both directions were rated almost equally and preferred in comparison to other patterns/directions. Generally 
the recognition rate was better for the younger age cohort (under 45 years), especially for the more complex basic 
pattern 2 (X-Order). During a simulated twenty-minute drive with four take-over scenarios the workload of the 
subjects was measured with NASA-TLX. The workload of about 20% of maximum is reasonable, especially when 
considering that in reality there will probably be less control transfers per time between driver and vehicle.The 
general acceptance level of this new kind of interaction within automated driving was high.
In future examinations the found patterns and forms of information presentation have to be validated, e. g. in 
more complex driving scenarios. Furthermore, it has to be investigated how the recognition rates of different 
vibrotactile patterns can be positively influenced by learning effects.Under real conditions in public traffic the 
recognition rates should be close to 100%, especially when it comes to crucial warnings. Also, it has to be proved if 
the assumption can be confirmed, that patterns starting from the seating surface can be perceived better and more 
reliably than patterns starting from the back rest.
In conclusion it can be said that the vibrotactile seat matrix appears to be appropriate for transmitting crucial 
information in automated driving scenarios safely and comfortably. Particularly when the driver is distracted or
fulfilling other tasks during automated driving mode, the additional haptic information encoding can be lifesaving.
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